Abstract-The performance of DS/CDMA systems using forward link beamforming and rake diversity combining is investigated analytically in frequency selective fading channels, whereas previous studies have resorted to Monte Carlo simulations in flat fading channels. The capacity of DS/CDMA systems is considerably improved by employing forward link beamforming.
I. INTRODUCTION
To improve the overall capacity of DS/CDMA mobile communication systems, smart antenna array techniques not only for the reverse link [1] - [4] but for the forward link [4] - [6] as well have been investigated. Since employing antenna arrays at the mobile station is not feasible in many practical applications, techniques using base station antenna arrays are desirable. Consequently, some estimation techniques for forward link channel vectors are required due to the different frequency bands used in the two links.
Among the techniques are to use feedback from mobiles to the base station [4] , [5] and to retrieve forward link spatial information from the reverse link spatial information [6] , [7] . Although some estimation methods for forward link channel vectors have been proposed in some studies, the performance enhancement by employing forward link beamforming techniques has not been fully investigated; in the investigation, frequency selective fading channels should be considered and not only simulation results, but analytical results should be obtained as well. In this correspondence, we investigate the performance enhancement by employing forward link beamforming analytically in frequency fading channels.
II. THE CHANNEL MODEL
The wireless channel is assumed to be frequency selective and time nonselective fading described by a wide sense stationary uncorrelated scattering (WSSUS) model. We also assume that the characteristic of the channel is Rayleigh and that the fading remains constant during a symbol interval. In wireless multipath channels, a lot of replicas of the transmitted signal arrive at the receiver. They are typically divided into several subpath clusters in which each ray is not resolvable.
If we assume an M-element uniform linear antenna array, the channel with resolvable paths can be described as b = 6 n n e j v( n ), where n e j and n are the complex attenuation and direction of arrival (DOA) of the nth ray, respectively, v() = [1 e 0j1sin 1 1 1 e 0j(M01)1 sin ] T ; 1 = (2d=), d is the spacing between antennas, and is the wavelength of the arriving signal. Here, we make some physically reasonable assumptions, which have also been made in [1] , [6] , [8] , and [9] , that the number of rays and DOA distribution in a subpath cluster is sufficiently large and dense, respectively, so that the spatial distribution of the DOA does not change in a time interval in which we are interested (such as a frame period), and the spatial distribution of 1sin is a normal distribution with mean 1sin c and variance 2 , where c is called the center DOA, and is called the dispersion parameter.
III. PERFORMANCE ANALYSIS
From now on, we will assume that the oth user is the desired user and that we can estimate the forward link channel by one of the estimation methods mentioned above. In addition, since the instantaneous channel gain is not available in most practical cases, we assume that the transmit power is divided equally into all available paths as a suboptimum solution.
Let xo(t); co(t); and wo be the information signal, signature waveform, and beamforming weight of the oth user in the forward link, respectively. Then, the transmitted signal of the oth user at the base station antenna array is uo(t) = p Poxo(t)co(t)wo:
Here, we assume that a rake receiver is employed at mobile stations.
Then, the equivalent baseband received signal at the oth mobile is
In (2) P k transmitted signal power of the kth user; o;l e j complex fading process of the lth path of the oth user; o;l time delay of the lth path of the oth user; o;l;k cross correlation between the lth path's channel of the oth user and the kth user's beamforming vector; n(t) additive white complex Gaussian noise with variance on, we drop the subscript o for simple notations whenever it does not cause confusion. Then, after maximal ratio combining, we have
where Then, the instantaneous signal to noise and interference ratio (SINR) is
As one of the performance measures, outage probability has been widely used. Let P b be the required bit error probability and Q be the corresponding SINR. Then, the outage probability is defined as P out = Pr fBER > P b g = Pr f( ; ) < Qg: Then, we obtain (see 
In Fig. 2 , the outage probability curves obtained from (9) and 10 5 -run Monte Carlo simulations are plotted as a function of the number of users for various values of M: We generated ; ; and j o;l;k j 2 in each iteration to evaluate (4). Then, the instantaneous SINR is evaluated from (6) and compared with the threshold Q: We assume that
• Ef 2 1 g = 0 dB;
• Ef 2 2 g = 01 dB;
• Ef 2 3 g = 09 dB;
• average received SNR is 25 dB;
We can see that the analytical results obtained from (9) are quite close to those obtained from simulations. If the outage probability requirement is 0.01, we can see from Fig. 2 that the system capacity increases up to 110 users with 15 antennas, whereas that with a single antenna is 25. Thus, it is again confirmed that we can considerably increase the capacity of the DS/CDMA systems by employing forward link beamforming techniques.
IV. CONCLUDING REMARK
In this correspondence, analytical results on the outage probability of the DS/CDMA systems employing forward link beamforming techniques and rake diversity combining were obtained in frequency selective channels. It was shown that the analytical results were quite close to those obtained from Monte Carlo simulations. It was also shown that we could improve the capacity of the mobile communication systems considerably by employing forward link beamforming techniques. APPENDIX A Let b k;l = 6 n k;l;n e j v( k;l;n ) and k;l be the center angle. 
where U(1) is the unit step function, and (1) is the Dirac delta function.
Then, it is easily seen that Pr fX < Y jY = y > 0g = 1 0 6 l2
l e 0(y= ) : Then, by evaluating EfPr fX < Y jY = y > 0gg, we can easily get (8) .
